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Summary

31
Optimal stomatal theory is an evolutionary model proposing that leaves trade-off 32 Carbon (C) for water to maximise C assimilation (A) and minimise transpiration (E), 33 thereby generating a marginal water cost of carbon gain (λ) that remains constant over 34 short temporal scales. The circadian clock is a molecular timer of metabolism that 35 controls A and stomatal conductance (g s ), amongst other processes, in a broad array of 36 plant species. Here, we test whether circadian regulation contributes towards 37 achieving optimal stomatal behaviour. We subjected bean (Phaseolus vulgaris) and 38 cotton (Gossypium hirsutum) canopies to fixed, continuous environmental conditions 39 of photosynthetically active radiation, temperature and vapour pressure deficit over 48 40 hours. We observed a significant and self-sustained circadian oscillation in A and in 41 stomatal conductance (g s ) which also led to a circadian oscillation in λ. The lack of 42 constant marginal water cost indicates that circadian regulation does not directly lead 43 to optimal stomatal behaviour. However, the temporal pattern in gas exchange, 44 indicative of either maximizing A or of minimizing E, depending upon time of day, 45
indicates that circadian regulation could contribute towards optimizing stomatal 46 responses. More broadly, our results add to the emerging field of plant circadian 47
Introduction
54
Early trade-offs in ecology recognized the need to balance growth and survival 55 (Grubb 2015) . Intense resource acquisition to sustain elevated growth rates, for 56 instance, could lead to quick resource depletion and ultimately death. As a partial 57 explanation for plant response to this constraint, the hypothesis of optimization in 58 stomatal conductance was developed (Cowan 1977; Cowan & Farquhar 1977) . In 59 short, the optimal stomatal conductance hypothesis proposes that stomata balance the 60 trade-off between A (C assimilation) and E (water losses) by maintaining a constant 61 marginal water cost (λ = δE/δA; in mol CO 2 mol -1 H 2 O), at least over short time 62 scales, at the point where A is maximized and E minimized (Cowan & Farquhar 63 1977) . 64
This optimal strategy was originally postulated as a conservative strategy for 65 plants facing variation in a physical environment that, to a degree, is unpredictable or 66 Fleury-les-Aubrais, FR). 159
The soil was regularly watered to ca. field capacity by drip irrigation, although 160 irrigation was stopped during each measurement campaign (few days) to avoid 161 interference with water flux measurements. However, no significant differences (at P 162 < 0.05, paired t-test, n=3) in leaf water potential occurred between the beginning and 163 end of these measurement campaigns, indicating no apparent effect of a potentially 164 declining soil moisture on leaf hydration. 165
Environmental conditions within the macrocosms (excluding the experimental 166 periods) were set to mimic outdoor conditions, but did include a 10% light reduction 167 by the macrocosm dome cover (sheet of Fluorinated Ethylene Propylene). During 168 experimental periods, light was controlled by placing a completely opaque fitted 169 cover on each dome to block external light inputs (PVC coated polyester sheet Ferrari 170 502, assembled by IASO, Lleida, Spain), and by using a set of 5 dimmable plasma 171 lamps (GAN 300 LEP with the Luxim STA 41.02 bulb, with a sun-like light 172 spectrum); these lamps were hung 30 cm above the plant canopy and provided a PAR 173 of 500 µmol m -2 s -1 . We measured PAR at canopy level with a quantum sensor (Li-174 190, LI-COR Biosciences, Lincoln, NE, USA) in each macrocosm. 175
Bean and cotton were planted in 5 different rows within the macrocosms on 176 10 th July 2013, one month before the start of the measurements, and thinned to 177 densities of 10.5 and 9 individuals m -2 , respectively. To obtain enough resolution to test for temporal changes in the marginal water 204 cost of carbon gain, we additionally measured gas exchange every 2 minutes by using 205 2-3 additional portable photosynthesis systems per species and day. Each instrument 206 was continuously deployed on a leaf for 24 h, and the Auto-Log function was used. 207
Measurements were conducted over 48 h with an effective n = 3 per species (1-2 208 leaves were measured per macrocosm, in a total of 3 macrocosms). To diminish 209 redundancy in the presentation, only A net and g s (along with g 1 ) will be shown from 210 these high-resolution measurements (but not A net /g s ). 
Results
240
We observed a self-sustained oscillation in A net , g s and A net /g s that showed a ~24 h 241 periodicity (Figs. 1, 2, Table 1 ). That is, there was a significant variation in A net and g s 242 in the absence of variation in environmental drivers, and this variation showed a 243 diurnal cycle. Although A net and g s generally followed the same pattern in that they 244 both concurrently showed either a positive or a negative trend, the magnitude of the 245 oscillation was larger in g s (54-84% change, Table 1 ), than in A net (28-42% change, 246 Table 1 ) over a 24 h cycle in constant environmental conditions. In turn, this led to a 247 significant variation in instantaneous water use efficiency (A net /g s ) that was 46-74% of 248 that during entrainment (Table 1) We also observed a diurnal self-sustained cycle in g 1 (Fig 1) . That is, we did 266 not observe homeostasis in the marginal water cost despite lack of variation in 267 environmental drivers. Instead, we observed a pattern that was generally opposite to 268 that found in water use efficiency: g 1 significantly declined during the subjective 269 afternoon in both species (although with a more pronounced decline in cotton), and a 270 significant increase during the subjective night occurred for both species, that 271 continued into the subjective morning for cotton. 272
273
Discussion
274
The importance of circadian regulation towards achieving optimization 275
We observed a significant and self-sustained 24 h oscillation in A net and g s , of 276 different magnitude for each process, and that ultimately led to a diurnal oscillation in 277 intrinsic water use efficiency and in the marginal cost of water, despite the absence of 278 variation in environmental drivers. Diurnal variation in g 1 ranged from 5.5 to 0.5 over 279 the 24 h cycle, and from 5.5 to 1.7 when we only consider variation during the 280 subjective daytime (Fig. 1) cycle, where an increase in A at different times (e.g: subjective noon in this study or 317 early morning in the cited work) would be accompanied by higher water losses 318 (maximum g s at subjective noon, and increase in g s overnight, respectively); but a 319 more conservative water use occurs at other times (when the relative decline in g s is 320
higher than in A, such as the afternoon or evening). 321
Our study is, to the best of our knowledge, the first to report a circadian 322 pattern in g 1 . As previously mentioned, the optimal stomatal hypothesis does not It is therefore notable that the largest change in g 1 occurred in the first 6 hours after 332 conditions were kept constant (1200h to 1800h solar time) and this change in g 1 333 (from 5.5 to 1.7, see above) was significant. In fact, a recent global synthesis shows 334 that mean g 1 values across different functional types (in a study encompassing 314 335 species) ranged between 1.6 and 7.2 (Lin et al. 2015) . Subsequently, we encourage 336 field studies of leaf-level gas exchange conducted at high temporal resolution to 337 assess the extent of temporal variation in g 1 under cloudy days. 338
339
Implications and mechanisms 340
It has been argued that more biological realism must be incorporated into optimality 341 models to generate a better understanding of optimal behaviour and its constraints 342 and a parameter proportional to the marginal water cost of carbon gain (g 1 ). 590
Measurements were taken concomitantly to those under constant conditions reported 591 in Fig. 2 , although data from both days were pooled together to increase sample size. 592
The white and black rectangles at the base indicate the subjective day (when it would 593 have been daytime during entrainment) and subjective night, respectively, under 594 
